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Introduction
Advances in the diagnostics of central nervous system (CNS) disorders are connected to a large degree with radiological assessment -the analysis of computed tomographic (CT) and magnetic reson ance (MRI) images. The largest application is for head examinations, especially the brain. Imaging studies make it possible not only to visualize the general
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Dr Leszek Tomasz Czerwosz, Mossakowski Medical Research Centre, Polish Academy of Sciences, 5 Pawińskiego St., 02106 Warsaw, Poland, email: czerwosz@imdik.pan.pl structure of the brain, but also to make precise mea surements of brain tissue volume, of the size of indi vidual lobes and their structure (volumetry) [7, 15] . The application of specialist software for the anal ysis of CT and MRI images has made it possible to perform volumetric examinations to obtain nonin vasive volume measurements of specific intracranial compartments (i.e., the volume of cerebrospinal fluid [CSF] contained in the subarachnoid space and basal cisterns, in the intracranial ventricular system and the brain tissue volume).
This has been found to be an important clinical application for the noninvasive diagnosis of normal pressure hydrocephalus and various types of brain atrophy. The ageing of society is clearly noticeable in recent years, and the lengthening of life has meant that diseases associated with dementia, the preva lence of which increases with age, currently repre sent a serious medical and social problem. For this reason, the possibility of early detection of disorders associated with dementia, their diagnosis and dif ferentiation from the symptoms of the development of normal pressure hydrocephalus are of significant importance.
To achieve the intended aim, imaging studies, including CT and MRI volumetric examinations, have made it possible to precisely estimate the volume of the intracranial components of the CNS [16] .
From the point of view of differential diagnosis on the basis of CT or MRI studies, we define the intracranial contents as the brain volume and the volume of CSF contained in the intracranial ven tricular system and in the subarachnoid space and basal cisterns. According to data from the literature [11] , the average brain volume of a healthy person is 1400 cm 3 and the average CSF volume is 140 cm 3 .
Difficulty in the diagnosis of normal pressure hydro cephalus (NPH) and differentiating it from brain atrophy (BA) means that normal pressure hydro cephalus is diagnosed in a large percentage of cas es that were in fact brain atrophy. It is also possible that brain atrophy is diagnosed in those cases that were in fact hydrocephalus. The commonly applied invasive diagnostic procedure is the infusion test [8] , which gives the highest probability of correct diagno sis. This result should always be interpreted togeth er with noninvasive diagnostic procedures, such as neurological examinations, neuropsychological exam inations [9] , motor and posture parameters [5, 6, 12] , evoked potential, and particularly with CT and/or MRI brain imaging [4] .
The Visual Analysis group cochaired by Dr. Krzy sztof Nowiński from the Interdisciplinary Centre for Mathematical and Computational Modelling at the University of Warsaw (ICM) has developed special software, VisNow [14] , for the visual analysis of data, in particular for the analysis of a threedimensional tissue density matrix, which is the result of comput ed tomography. The software allows not only visu alization but also spatial morphometric calculations of tissue density specified in Hounsfield units. Szcze pek et al. [13] used the VisNow tool for volumetric evaluation of CSF distribution in the intracranial fluid compartments in hydrocephalus and brain atrophy. The real absolute value (in cm 3 ) of the CSF voxels contained in the subarachnoid space and basal cis terns and in the intracranial ventricular system space was determined. The accuracy of volumetric out comes has been compared to the planimetry paper of Marszałek et al. [9] . Szczepek relied solely on small groups of patients with normal pressure hydrocepha lus and with brain atrophy. For both groups the mean value of the volume of CSF in the subarachnoid space and basal cisterns differs at a level of statistical sig nificance from the mean value of CSF volume of nor mal healthy people. It has also been shown that the ratio of volume of CSF in the ventricles to the volume of CSF in the subarachnoid space and basal cisterns is an important diagnostic indicator for differentiat ing NPH from brain atrophy.
The aim of this study is to determine the ratio of the intracranial CSF to the brain tissue volume, the volume of CSF contained in the intracranial ventric ular system to the brain volume and the volume of CSF in the subarachnoid space and basal cisterns to brain volume.
The aim of the analysis of this study is to answer the question of the clinical relevance of the above mentioned indicators: -to determine the proportion of the pathologies under study, -to make it possible to differentiate normal pressure hydrocephalus from brain atrophy with the aid of the abovementioned indicators.
Material and methods
At this neurosurgical clinic, an evaluation of the volumetric measurements of CT images was under taken in 23 male and female patients (average age 56.9 ± 6.1) with a diagnosis of normal pressure hydrocephalus and in 27 male and female patients (average age 70.6 ± 5.2) with a diagnosis of brain atrophy. In the CT imaging studies, the total brain tissue volume and the volume of CSF collected in the intracranial fluid compartments were mapped.
The study was undertaken in accordance with the Helsinki Declaration after obtaining the prior agreement of the Bioethical Committee of the War saw Medical University. The clinical criteria for the diagnosis of normal pressure hydrocephalus were established based on the following: dilatation of the ventricular system in CT or MRI studies; the Evans indicator with a value > 0.3; the lack of or little evi dence of cortical atrophy; Hakim's triad -at least two symptoms; the value of intracranial pressure measured with the aid of a lumbar puncture NL ≥ 10 cmH 2 O; resorption resistance R ≥ 11 mmHg/ml/min; and a neuropsychological assessment.
The diagnosis of brain atrophy was established on the basis of the following symptoms: dilatation of the ventricular system in CT or MRI studies of the head; the Evans indicator with a value ≤ 0.3; evi dence of cortical and corticobasal atrophy; neuro logical symptoms; the value of intracranial pressure measured during a lumbar puncture NL < 10 cmH 2 O; resorption resistance R < 11 mmHg/ml/min; and a neuropsychological assessment.
The results of the neurological examination were maintained in accordance with the set of tests devel oped and currently applied in this clinic [9] .
Volumetric evaluation using the VisNow soft ware, developed from scratch in ICM for volumetric evaluation, is an impartial, quantitative, statistical method for measuring the voxel characteristics in selected CNS regions. The technical data of the soft ware were published by Szczepek et al. in 2015 [13] . A statistical analysis of the voxels was undertaken for the brain tissue volume and the total volume of CSF contained in the intracranial fluid compart ments.
In this study, the statistical analysis was based on the volume of the subarachnoid space and basal cisterns, the volume of the intracranial ventricular system and also on the brain tissue volume (BV) in the CT imaging studies of the head (performed at intervals no longer than two months) in patients classified in the group of hydrocephalus and brain atrophy. Total CSF volume (FV) was the sum of the subarachnoid space and basal cisterns and the vol ume of the intracranial ventricular system.
The following indicators were established: -VBR (ventricletobrain ratio) (expressed as a frac tion) -the ratio of the volume of the CSF in the intracranial ventricular system to the brain volume; -SBR (subarachnoid space and basal cisternsto brain ratio) (expressed as a fraction) -the ratio of the volume of CSF in the subarachnoid space and basal cisterns to the brain volume. The groups were compared by means of the nonparametric KolmogorovSmirnov test (KS) for independent samples. Dependent samples were com pared by means of the nonparametric Wilcoxon test.
Results
The results of the statistical analysis (Kolmogor ovSmirnov) for the two groups -normal pressure hydrocephalus (NPH) and brain atrophy (BA) groups -showed that the brain volumes (BV) are different at a statistically significant level in these groups (Table I ). The total volumes of CSF (FV) in the intra cranial fluid compartments (CSF contained in the subarachnoid space and basal cisterns as well as the intracranial ventricular system) differ in these groups as well. The volumes of BV and FV differ greatly from each other in both groups; there is no need for a statistical test in this case.
A scatter plot of the value of BV and FV together with the mean values of the BA and NPH groups is shown in Figure 1 .
A statistical evaluation for the measurements of the mean values of VBR and SBR indicators in patients with normal pressure hydrocephalus and brain atrophy are presented in Table II . Comparisons Table I . Mean value and standard deviation of the brain volume (BV) and total cerebrospinal fluid (CSF) volume (FV) in the groups of patients with normal pressure hydrocephalus (NPH) and brain atrophy (BA). The NPH and BA groups are compared by means of the KolmogorovSmirnov test. Z statistics and exact probability are given The results of the statistical analysis (Wilcoxon test) for dependent variables proved that SBR and VBR indicators differ significantly and very much within the NPH group as well as within the BA group (Table II) .
In the patients classified as the normal pressure hydrocephalus group, a clearly higher value of the VBR can be observed in comparison with patients classified as the brain atrophy group. Analysing the SBR indicator, it was found that there was a higher value of SBR in the group of patients with a diag nosis of brain atrophy than in the group of patients with normal pressure hydrocephalus. There is a very low probability of erroneous outcome of statistical tests (less than 10 12 ).
A scatter plot of individual VBR and SBR indi cators together with the mean values of BA and NPH groups is shown in Figure 2 . One can observe Table II . Mean value and standard deviation of the indicators FBR (fluidtobrain ratio), VBR (ventricle tobrain ratio) and SBR (subarachnoid space and basal cisternstobrain ratio) in the groups of patients with normal pressure hydrocephalus (NPH) and brain atrophy (BA). NPH and BA groups are compared by means of the KolmogorovSmirnov test. Z statistics and exact probability are given. The Wilcoxon probabil ity was calculated for independent comparisons of VBR and SBR indicators within the BA and NPH groups 
Discussion
The variety of diagnostic procedures for differ entiating normal pressure hydrocephalus and brain atrophy is proof of the difficulty in differentiating the two pathological syndromes. In spite of the fact that invasive procedures carry a risk of development of complications, they are still necessary in the diagno sis of hydrocephalus. For this reason, we attempted to develop a noninvasive differential diagnostic pro cedure for normal pressure hydrocephalus and brain atrophy. The presented observations are a further attempt to introduce into clinical practice a nonin vasive diagnostic procedure -the evaluation of intracranial volumetric indicators of the distribution of the volume of CSF and brain tissue volume.
The volumetric evaluation undertaken in this study using CT imaging studies of the head showed that there were changes in the distribution of the volume of CSF and brain tissue volume in the intra cranial compartments of the CNS for both hydro cephalus (NPH) and BA groups of patients. The scope of these changes differed in each particular group.
The new indicators VBR and SBR, identified in the study, made it possible to estimate the value of the volume of CSF in relation to the brain tissue vol ume in specific intracranial spaces of the CNS in the groups of patients with NPH and BA.
The results obtained in our study are similar to the results obtained by Blatter et al. [3] . The authors presented a quantitative evaluation of the volumet ric intracranial parameters of volume ratios using MRI imaging studies in a control group. One hun dred ninetyfour healthy persons, including men and women in the age range from 16 to 65 years old, were divided into five tenyear age groups. The anal ysis included the total volume of CSF in the intra cranial ventricular system and in the subarachnoid space, the total brain volume and the total intracra nial volume.
A highly significant change was noticed with age. The authors found that the mean brain vol ume decreases with age, and the smallest value of brain volume was noted in the 5 th decade of life (5665 years old). The mean volume of CSF increases with age, and the highest value of CSF volume was recorded in the 5 th decade of life (5665 years old).
In the abovementioned study, in the group of healthy persons, the VBR indicator was also identi fied -the ratio of the volume of CSF in the intra cranial ventricular system to the total brain volume. In healthy people in the age range of 5665 years, the VBR for women was 2.08 ± 1.11 and for men 2.07 ± 0.88. The presented range of the VBR index in the control group in the specified age range should be compared with the VBR results obtained in our publication. It can also be noted that the value of VBR obtained in our study clearly differs from the norms in both of the discussed CNS pathologies. In our study, the VBR coefficient in the BA group (9.9 ± 1.3) is at a lower level than in the volumetric studies of the NPH group (13.9 ± 1.3). An explana tion for this could be that in the BA group loss of brain tissue (i.e., brain volume) occurs with increas ing age and with the progression of atrophy of the neural pathways. It should be noted that the CSF distribution in the intracranial fluid compartments is different in the group of patients with BA than in the group with NPH. It was observed that a higher value of CSF in the intracranial ventricular system was obtained in the patients with NPH, whereas a higher value of CSF in the subarachnoid space was obtained with patients diagnosed with BA.
The use of volumetric evaluation for tracking the volume changes in the intracranial compartments of the CNS in neurodegenerative disorders is also found in the study by Bigler et al. [2] . The authors performed an analysis of the volume parameters in patients with various types of dementia over the age of 65 years (i.e., Alzheimer's disease, vascular dementia). The VBR coefficient was identified. The results of the volumetric parameters presented by the authors in the study in patients with Alzheimer's disease or with vascular dementia are similar to the results of the study obtained in our publication with patients classified to the group of brain atro phy -a reduction in brain volume and an increase in the volume of CSF in the intracranial fluid com partments.
Akdogan et al. [1] undertook to use volumetric evaluation to highlight the relationship between TVV (total ventricle volume) and TBV (total brain vol ume). For their analysis, 40 men (average age 40.9 ± 3.7 years) and 40 women (average age 41.4 ± 3.6 years) were selected. Patients were excluded from the study if a CT imaging study of the head present ed intracranial bleeding or traumatic brain injury. It was found that the ratio TVV/TBV in the group of patients in the first decade was only 1.27%, whereas for the group of patients in the third decade the ratio rose to as much as 3.37%. The results were connect ed with increasing volume of CSF in the intracranial ventricular system and with decreasing brain vol ume together with age and the associated ageing process of the brain.
The authors observed that the volume ratio TVV/ TBV turned out to be an important indicator for dis eases, i.e., hydrocephalus, Alzheimer's, and disorders of a neurodegenerative nature.
In the study of Nestor et al. [10] , semiautomatic software was presented that enabled the volumet ric evaluation of MRI imaging studies for the early detection of dementia disorders. The authors found that the volume of CSF in the intracranial ventricu lar system can constitute an explanation for Alzhei mer's disease or mild cognitive impairments. In the analysed group of patients, the volume of CSF in the brain ventricles was evaluated at an early stage of the illness and after 6 months for control purpos es. It was noticed that patients with a diagnosis of Alzheimer's have clearly a larger volume of the ven tricles than is the case in the group of patients with mild cognitive impairments. In Nestor's study, the possibility of evaluating the progression of changes of the volume ratios was also mentioned (i.e., a clear increase of the volume in the intracranial ventricular system was noted after 6 months in patients with mild cognitive impairments).
The results obtained in Nestor's study concur with the data from the literature. It should be under lined at this point that all of the abovementioned indicators can be used with success for the evalua tion of the development of intracranial pathologies, but they do not give an unambiguous answer wheth er a specific examined case should be classified as brain atrophy or as hydrocephalus. For differentiat ing these pathological processes, the best indicator is in our opinion [13] an indicator highlighting the ratio of the volume of CSF in the brain ventricles to the volume of CSF contained in the subarachnoid space and basal cisterns.
It should be emphasized that the simultaneous use of the two indicators VBR and SBR on a study group of 50 patients enabled the total separation of NPH and BA groups. This differentiation can have real diagnostic value. Thus the volumetric assessment of the volume of CSF and brain tissue based on CT of the head can become an important part of the differ ential diagnosis of hydrocephalus and brain atrophy.
